Background
Left ventricular assist devices (LVAD) are an increasingly implemented therapeutic intervention for patients with end-stage heart failure. A growing body of evidence, however, has shown an elevated risk of device thrombosis, a major complication jeopardizing the patient's post-implantation survival [1] . The incidence of pump thrombosis has increased with increasing numbers of implantations, ranging from 0.014 to 0.05 events per patient-year [2] [3] [4] . To date, multiple causative factors for LVAD thrombosis have been identified, such as internal shear stress, device material, infection, and inadequate anticoagulation. Understanding the mechanisms leading to LVAD thrombosis will not only enable device optimization, but also allow for better patient handling, hence improving post-implantation outcome. In this review we highlight the most commonly identified factors leading to LVAD thrombosis and discuss their mechanisms.
Factors Leading to LVAD Thrombosis
The most common factors leading to LVAD thrombosis can be broken down into two main categories: device-related and nondevice-related, the latter including patient and management.
Device-related factors can be further subdivided into those associated with the pump components and others related to the surgical implantation techniques [5, 6] . The liability of pump components for de novo thrombosis, including inflow conduit, pump chassis, rotor, and outflow graft was among the early reported reasons prompting the need for pump replacement. The estimated probability for pump replacement need due to this was shown to increase with post-implantation time [7] .
Device-Related Factors Leading to LVAD Thrombosis
According to the flow rheology, two main types of LVADs are utilized: continuous flow and pulsatile flow. Continuous flow devices, however, are more frequently implanted compared to pulsatile-flow ones due to their low complication profile. Continuous-flow LVAD has shown superior durability, less surgical trauma, higher energy efficiency, and lower thrombogenicity. The rotor is an integral part of the continuous flow pump and is primarily responsible for creating blood flow. Shear stress generated by rotation is the main reason for devicerelated thrombosis. In continuous-flow pumps (CF-pumps), two types of rotors are utilized: axial and centrifugal. In axialflow rotors, the smaller the diameter, the higher the speed it needs to achieve physiological cardiac flow; however, this results in elevated shear stress, which increases the risk of both thrombosis and hemolysis [8] . Additionally, the heat generated from the pump rotors can contribute to thrombus formation, and thrombi are often encountered on the rotor or the inflow bearing, despite designs attempting to minimize the rotationgenerated heat [9] . To eliminate the need for mechanical bearings, third-generation LVADs containing magnetically levitated rotors were developed, such as the HVAD ® Pump (HeartWare International, Inc., MA, USA) ( Figure 1 ), which adopts a centrifugal flow mechanism. By virtue of centrifugal flow, the thirdgeneration LVADs can achieve the same amount of flow as axial devices, but at significantly lower rotational speed due to their large rotor diameter [8] .
With the application of recent developments and new systems, the incidence of pump thrombosis has decreased. Improvements of the device itself could reduce the risk of thrombosis (e.g., subsequent change in the impeller manufacturing process leading to significant reduction of thrombosis) from 26% to 8% [5] . Further design alternatives were also introduced to minimize the risk of device-related thrombosis; for example, a new version of the outflow graft bend relief portion was introduced, allowing for easier removal of air from the graft [10] . Additionally, graft gelatin seals were provided with the implantation kit as an alternative for pre-clotting [6] .
Surgical Factors Leading to LVAD Thrombosis
Surgical implantation techniques, such as positioning of the inflow cannula and the size of the pump pocket, were shown to putatively contribute to thrombosis. In a study by Taghavi et al., a positive correlation between thrombus formation and the angulation of the inflow cannula has been reported [11] . Additionally, the depth of pump pocket was shown to be relatively lower in patients with reported pump thrombosis compared to thrombus-free ones. Thus, in order to maintain a stable inflow rheology in the pump and accordingly reduce the risk of thrombosis, precise positioning of the inflow cannula ( Figure 2 ) and adequately sizing the pump pocket are imperative [10] .
Non-Device-Related Factors Leading to LVAD Thrombosis
Before discussing the non-device-related factors which might predispose to LVAD thrombosis, it might be helpful to briefly highlight the most prominent hemodynamic features in heart failure (HF) and the underlying molecular background that prompts thrombotic reactions.
Abnormal coagulation is notorious in patients with heart failure [12] . Poor myocardial contractility along with dilated cardiac chambers is the most prominent hallmark of heart failure, which results in low cardiac output and abnormal blood flow. Furthermore, patients with heart failure (HF) demonstrate a dysfunctional endothelium that normally serves as an anticoagulant barrier, as well as elevated plasma levels of certain clotting factors such as von Willebrand factor (vWf), adhesion molecules such as P-selectin, growth factors such as vascular endothelial growth factor (VEGF), and inflammatory cytokines such as tumor necrosis factor alpha (TNF-a) and interleukin-1 (IL-1) [13] . Adding to the increased risk of infection, this all serves as a perfect pro-thrombotic milieu, making HF patients highly prone to conditions such as stroke and thromboembolism, which are being seen in almost one-third of patients [14] . In light of this, non-device-related factors which might predispose to LVAD thrombosis can be subdivided into pre-pump, post-pump, and systemic factors.
Pre-pump clots can be generated as a result of the pro-thrombotic environment characterizing HF; such clots can then be sucked into the pump conduit. Adequate anticoagulation and antiplatelet therapy are indispensible to prevent pre-pump clots in the situation of HF [15] (Figure 3) . The International Society for Heart and Lung Transplantation has also developed guidelines for mechanical circulatory support that include anticoagulation recommendations [16] . The choice of medications and intensity of antithrombotic therapy varies in adults depending on patient factors, risk of device thrombosis, and institutional preference. The general target is INR value of 2 to 3 [5] .
Post-pump LVAD thrombosis includes those reported to occur in the aortic root, as well as the aortic valves due to the positioning of the inflow cannula [17, 18] . Interestingly, continuousflow pumps were shown to promote LVAD thrombosis preferably in areas where blood flow stasis is expected, such as the carotid bulb [19] . Finally, infections were reported to confer higher risk of thrombosis and related complications such as neurological dysfunctions in LVAD patients [20] .
Short Overview of the Therapeutic Strategies
Thrombus evasion and/or treatment strategies should be evaluated by experts in order to prevent further aggravation of the patient's state. Systemic and local thrombolytic therapies are the major endeavors employed; however, surgical interventions to exchange the device are in some cases required. Growing evidence suggests the effectiveness of thrombolytic therapy applied directly in the left ventricle or in the device itself. In fact, targeted therapy was shown to significantly reduce systemic bleeding, hypercoagulopathy, and thrombus recurrence. Another advantage of this strategy is the reduced dose of thrombolytic agent required. The time needed for resolving the thrombus ranges between 27 and 37 minutes. Finally, device exchange can be the last resort, especially in cases where high risk of bleeding and/or mortality is suspected, and is usually preformed through medial sternotomy [5] .
Conclusions
To sum up, LVADs are lifesaving surgical implants for the management of end-stage HF, which can serve either as a bridge to heart transplantation or as destination therapy. LVAD provides adequate circulatory support and mechanical unloading, which can even reverse the progression of heart failure and improve myocardial function [21] . However, LVAD-associated risk of thrombosis is a critical matter which can dramatically affect patient survival. Factors which influence LVAD thrombosis can be attributed to both the device itself and the disease. Excellent engineering is essential to improve pump mechanics and minimize the implant-associated risks. Equally important, vigilant anti-thrombotic measures are crucial at both pre-and post-operative stages to overcome the fragile hemodynamic physiology of heart failure.
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